ABSTRACT An output feedback finite-time control strategy for five degree of freedoms (DOF) upper-limb exoskeleton is investigated in this paper. First, a multivariable second-order sliding mode control is proposed to improve the response speed and stability of the exoskeleton system with parameter uncertainties and external disturbances. Furthermore, for the sake of high control precision with limited information, a finite-time linear extended state observer is constructed to estimate both the unmeasured states and the lumped perturbations. Finally, by utilizing the 5-DOF upper-limb model, simulation results are presented to demonstrate the effectiveness of the control strategy.
I. INTRODUCTION
Research on power-assist exoskeleton has attracted growing interest due to its extensive applications in military, industry and clinical treatment [1] . In comparison with other forms of robots, exoskeletons worn by humans must accurately track the motion and action intentions of wearers [2] and provide supplemental mechanical power to reduce the consumptions of operators. One such application is upper-limb exoskeleton [3] . However, the performance of a wearable exoskeleton is affected by inevitable external disturbances and model uncertainties. In addition, the requirements of process stability and high speed response also make it a challenge to design robust controller.
In order to tackle the tracking problems, several control schemes have been proposed [4] . Linear control methods such as proportional-integral-derivative (PID) [5] , [6] controllers have been proposed for rehabilitation robot while they can't deal with the nonlinear uncertainties [7] . Given that, nonlinear control approaches have been presented such as adaptive control methods [8] , [9] , controllers based on fuzzy logic system [10] and robust control [11] . Sliding mode control (SMC) is a variable structure control scheme, which has inherent insensitivity and robustness against matched uncertainties and disturbances [12] . Therefore, SMC has been widely utilized in wearable exoskeletons. In [13] , SMC is employed to cope with the external disturbances by adopting saturation function. A controller based on SMC with fuzzy logical systems estimating the lumped perturbations is constructed in [14] .
However, it is generally known that the traditional SMC methods suffering from the issue of control chattering presents its application in practice [15] . Recently, several methods have been proposed to attenuate chattering, e.g., observer-based solution [16] , [17] , boundary layer solution [18] , to name a few. Second-order sliding mode control (SOSMC) proposed in [19] - [21] has the features of reducing chattering and finite time convergence. Generally, the finite time convergence of closed-loop systems shows some promising performance, such as disturbance rejection [22] - [24] . A SOSMC with and without perturbations for a class of single-input-single-output system is proved to be able to improve the control performance in [19] . After that, the control scheme has been applied in wearable exoskeleton in [20] . In [21] , a novel multivariable SOSMC has been proposed to obtain the faster convergence speed, which forces the system states to converge in finite time when they are far away from the equilibrium point. Subsequently, several multivariable control algorithms are developed for attitude control of vehicle [25] , [26] , which demonstrates better robustness and higher precision comparing with the traditional control methods.
On the other hand, the controllers mentioned above are assumed that all the components of the state vector are available by measurement. It is worthy noting that the inevitable uncertainties in exoskeleton systems, such as friction and load variation, external disturbances, unmodeled dynamics and measurement errors caused by sensors, can not always be measured and severely affected controller performance [27] . With the aim of implementing controllers, it is necessary to estimate the unknown states. One of the principal solutions is extended state observer (ESO), which treats the uncertain parts as extended states and estimates them online. Obviously, this approach offers possibility of rejecting the uncertainties in realtime. Therefore, it is appropriate to deal with a wide range of perturbations. Due to the good performance, ESO has been adopted in several control subjects [28] . In [29] - [31] , SMC schemes based on ESO have been proposed for three-phase power converters, quadrotor helicopters and fixed wing unmanned aerial vehicles (UAV), respectively. In addition, ESO methods have been utilized in 5 DOF (degree of freedoms) upper-limb exoskeleton to provide the fault tolerance and guarantee the safety of operators [32] . However, few researches have been conducted on the convergence speed of ESO.
The motivation of this work is to study the tracking control problem of the wearable exoskeleton with unmeasurable perturbations and disturbances. The main contributions of this study can be summarized as that the control scheme combining the multivariable SOSMC and finite-time linear ESO (FT-LESO) is proposed for the 5 DOF upper-limb exoskeleton so that the tracking errors can converge to a small vicinity of zero in finite time. The advantages of the proposed control can be illustrated as:
i. For the controller design, only position information is available and other information needed can be estimated by the FT-LESO, including the lumped perturbations and unmeasurable states. Besides, only one parameter in FT-LESO needs to be tuned to guarantee the accuracy of estimation values which reduces the difficulty in parameter design.
ii. The multivariable SOSMC adopted in this work can achieve continuous control laws which can improve the chattering elimination. Additional, the finite time convergence and robustness can be guaranteed by utilizing the control algorithm.
The rest of this paper is organized as follows: In Section 2, the specific form and parameters of the 5 DOF upper-limb exoskeleton are illustrated and the control problems are formulated afterwards. A SOSMC scheme based on FT-LESO is addressed in Section 3, where the closed-loop system is proved to be stable despite the uncertainties and perturbations. Simulation results demonstrating the performance of the proposed control scheme are shown in Section 4, and some conclusions are drawn in Section 5.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. DYNAMIC MODEL OF 5 DOF UPPER-LIMB EXOSKELETON
The 5 DOF exoskeleton model utilized in this study is initially proposed in [32] . Based on the movement characteristics of human body, 5 DOF of the upper-limb exoskeleton includes: shoulder abduction/adduction, shoulder flexion/extension, elbow flexion/extension, wrist flexion/extension and forearm rotation. The schematic diagram under the local coordinate is depicted in Figure. Using the Lagrange's equations, the aforementioned exoskeleton system, which is known as a typical rigid body dynamics model, could be described as follows:
where q,q,q ∈ R 5 are the state vectors representing position, velocity and acceleration of each single joint. τ d ∈ R 5 are the external disturbance torques and τ ∈ R 5 are the actuating torques generated by the drivers, such as servomotors in this study. The specific calculations of inertia matrix M (q), Coriolis/ centripetal matrix C(q,q) and the gravity vector G(q) are detailed illustrated in [32] , which are omitted in this study to avoid redundancy. In order to transform the differential model (1) into state space,
are introduced that satisfy x 1 = q, x 2 =q. Therefore, Eq.(1) can be described as the following form
where
) are the lumped perturbations and C(x), G(x 1 ) are uncertainties of the parameters.It can be seen in (2) that the 5 DOF upper-limb exoskeleton is a multivariable system with the features of nonlinear and strong coupling.
B. PROBLEM FORMULATION
Suppose that the reference commands of the joint locomotion are indicated by x d ∈ R 5 , then the errors between the reference commands and feedback states can be defined as
The error dynamics can be written as
The aim of designing controller is to ensure that the errors can converge in finite time. However, a practical problem is that not all the states could be accurately measured with physical methods and the full states measurement needs a great investment even if all states could be exactly known in exoskeleton systems. Furthermore, the disturbances and uncertainties are inevitable in application. Based on the considerations, an output feedback FT-LESO is designed in this study.
The control objectives for the upper-limb exoskeleton system could be summarized as:
(1)Design an output feedback FT-LESO so that the states and the lumped perturbations could be estimated online. The formula expression could be illustrated as:
where T o is a finite time, (2)Propose a control law such that the states of the closed-loop system track the reference commands in finite time, which can be described as:
where T is a finite time and ε is a little positive constant.
III. CONTROLLER DESIGN AND ANALYSIS
In this section, a finite time convergence SOSMC strategy is proposed for multivariable exoskeleton system based on FT-LESO method. Before giving the concrete design process of the controller, some essential assumptions adopted in proof are illustrated first. Lemma 1 [33] : For the linear systemẋ = Jx, x ∈ R n , J ∈ R n×n is Jordan matrix with n multiple eigenvalue λ, when
Lemma 2 [34] : Let V be a continuously differentiable scalar positive definite function satisfieṡ
where α > 0, and 0 < n < 1 are constants. Then
FT-LESO FOR THE EXOSKELETON SYSTEM WITH UNCERTAINTIES AND DISTURBANCES
Introducing the auxiliary control input variables u =
where the velocity state vector x 2 can be replaced by the observed value provided by FT-LESO, dynamics of the multivariable exoskeleton system illustrated by (2) can be transformed as
Considering the lumped perturbations as augmented states, (6) can be given as
T are the extended states vectors,y E ∈ R 5×1 are the outputs of the exoskeleton system. A E ∈ R 15×15 , B E1 , B E2 ∈ R 15×5 , C E ∈ R 5×15 are the coefficient matrixes of system, control inputs and outputs respectively.
Remark 1: The 0 and I adopted in (7) are five-dimensional zero matrixes and unit diagonal matrixes, respectively. And this remark is omitted through this paper for convenience as long as a special remark is required.
Based on(7), a general LESO is constructed as
where x o ∈ R 15×1 are state vector of the observer and y o ∈ R 5×1 are the outputs of the observer. u o ∈ R 5×1 are the control inputs of LESO which can be described as
where z ∈ R 15×1 are state vector of the controller, y e = y o − y E are the output feedback errors. A k , B k , C k are the observer VOLUME 6, 2018
parameters which satisfy
The specific forms are given as follows
where γ > 1 is a variable parameter depending on the designer. Then the observer error dynamics from (7) and (8) can be written as
Theorem 1: With the controller (8) and the condition γ > 1, the observer errors e o = x o − x E can converge to a little neighborhood of equilibrium point in finite time under Assumption.1.
Proof: The closed-loop system composed of (9) and (10) can be illustrated aṡ
T are the state vector of the closed-loop system.
According to (11)
where λ i (·) is the i th eigenvalues of the matrix. Considering the fact that A k = A E + B E C k − B k C E , A X can be written as
whereÃ X is a similar matrix of A and the transformation matrix between A X andÃ X is P, i.e.
where P= 1 0 1 1 .
Based on the properties of similar matrix and Eq.(12), λ i (A X ) = λ i (Ã X ) = −γ , i = 1, 2, ..., 30. Rewriting A X with Jordan decomposition, then A X = QJ Q −1 . By introducing the auxiliary state variable X = QY , the closed-loop system (11) can be transformed intȯ
Define the following Lyapunov candidate function,
Differentiating the expression in (15) yieldṡ
Introducing the variable v o = √ V o = Y and Assumption 1, (16) can be illustrated aṡ
Integrating both sides of (17)
The following inequality can be obtained from
Substituting (19) into (18) and rearrange the equality, then
is the initial state of the system. From (20) , the norm of system state X can converge rapidly and ultimately stay in the range[0,
For a given parameter γ and bounds of tracking error ε, the finite time T 0 can be described as
B. MULTIVARIABLE SOSMC DESIGN
In this section, a multivariable SOSMC control strategy is introduced to guarantee that the tracking errors can converge to a vicinity of the equilibrium point in finite time. With this aim, the error dynamics is first given as
where e 1 = x 1 − x d are the tracking errors,x 2 = x o2 −ẋ d are auxiliary variables, x o3 is the observer state of the lumped perturbations.
The following sliding mode surface is chosen for the multivariable SOSMC
Then the generated control signals are illustrated as
Given that the control signals u = −M −1 (x 1 )[C(x)x 2 + G(x 1 ) − τ ], then the control torques provided by the servo motors are
The whole framework of finite-time control strategy are shown in Fig.2 . Proof: The proof process are composed of two steps. Firstly, the convergence of the sliding mode manifold is illustrated which presents the reachability of sliding mode.
By replacing the control signals with (25) , the time differentiating of s can be written as
Note thatė o2 = e o3 which is proved bounded in Theorem 1. So the following formula is reasonable −c 1ėo2 = −c 1 e o3 ≤ δ 3 (27) for a known scalar bound δ 3 > 0. For the system (26), define the following Lyapunov candidate function
The time differential form of V s can be described aṡ
Then substituting (26) into (29) and adopting straightforward algebra yieldṡ
The following formulation can be obtained by utilizing the Cauchy-Schwarz [21] inequalitẏ
Define ν s = col( s 1/2 , s , w ) which means a column vector consisting of s 1/2 , s and w . Then (31) can be written asV
Some conditions are illustrated to ensure the symmetric matrix Q, P are positive.
Thereforė
Utilizing the similar method mentioned in [21] , the Lyapunov function (28) 
From (35) and (36), it can be easily goṫ
Therefore, the sliding manifold s andṡ could converge to zero in finite time t r with appropriate control gains k 1 , k 2 , k 3 , k 4 , and t r ≤ 
Given that the observer error e o2 ≤ δ 1 is proved in Theorem 1, the solution of the differential equation is
Suppose that the bounds of tracking errors are ε, then the settling time can be given as
According to the proof of Theorem 1 and Theorem 2, it can be obtained that the tracking errors can converge to a neighborhood of zero in finite time T = T o + t r + t s with the proposed SOSMC control strategy based on FT-LESO.
IV. SIMULATION RESULTS
In this section, a simulation model is established to verify the effectiveness of the proposed control strategy for 5 DOF upper-limb exoskeleton system. Note that all the model parameters adopted in this study are taken from [32] . Besides, the lumped perturbations are set as the exoskeleton system, both the tracking errors and observer errors can rapidly converge to a remarkable small vicinity of zero. Meanwhile, the convergence of augmented states e o 3 indicates that the lumped perturbations can be accurately estimated and compensated online. By utilizing the controller (25) , the sliding surface s andṡ with different initial conditions can converge to zero with no more than 1s (see in Fig.13 ). Consideringṡ described by (26) , when the system states are far away from the sliding mode surface, k 2 s, k 4 s play a more important role to guarantee the convergence speed; On the contrary, k 1 s s 1/2 , k 3 s s provide greater contributions to ensure that the states are maintained on the sliding surface.
V. CONCLUSION
A multivariable finite time control scheme for 5 DOF upper-limb exoskeleton is proposed for tracking reference commands. With the aim of improve the control precision, a FT-LESO is adopted to obtain the necessary information about both state vectors and lumped perturbations. Furthermore, a multivariable SOSMC controller is designed to provide smooth control signals and force the tracking errors to a small vicinity of zero in finite time. The proposed control strategy can achieve finite time convergence and avoid the chattering problem, which is proved in Theorem 1 and Theorem 2. Finally, simulation results verify the performance and effectiveness of the proposed strategy.
